Building a cerebral cortex of the proper size involves balancing rates and timing of neural stem 17 cell (NSC) proliferation, neurogenesis, and cell death. The cellular mechanisms connecting 18 genetic mutations to brain malformation phenotypes are still poorly understood. Microcephaly 19 may result when NSC divisions are too slow, produce neurons too early, or undergo apoptosis, 20 but the relative contributions of these cellular mechanisms to various types of microcephaly are 21 not understood. We previously showed that mouse mutants in Kif20b (formerly called 22 Mphosph1, Mpp1, or KRMP1) have small cortices that show elevated apoptosis, and defects in 23 maturation of NSC midbodies, which mediate cytokinetic abscission. Here we test the 24 contribution of intrinsic NSC apoptosis to brain size reduction in this lethal microcephaly model.
INTRODUCTION

42
Human genetics is increasingly successful at linking specific gene mutations to 43 congenital brain malformations and other neurodevelopmental disorders. However, the cellular 44 mechanisms connecting genetic mutations to brain phenotypes are still poorly understood.
p53 deletion restores growth of neuronal and subventricular layers in embryonic Kif20b-143 /-cortex 144 We previously showed that the reduced cortical thickness of Kif20b mutants is due to 145 thinner neuronal layers and fewer intermediate progenitors (IPs) (Janisch et al., 2013) . To 146 determine if p53 deletion could rescue cortical neurogenesis and structure as well as thickness, 147 we labeled Kif20b-/-single mutant and Kif20b; p53 double mutant E14.5 cortical sections for 148 Pax6, Tuj1, and Tbr2, to label NSCs, neurons, and IPs, respectively. In Kif20b-/-single mutant 149 brains, as expected, the neuronal layer (cortical plate) and axonal layer (intermediate zone) are 150 thin (Fig. 3A, B, G) . Remarkably, Kif20b-/-; p53-/-embryos have cortices that appear to have 151 normal organization, with cortical plates and intermediate zones indistinguishable from controls 152 ( Fig. 3C, G) . Additionally, Kif20b-/-; p53-/-embryos display normal ventricular zone thickness 153 and IP generation ( Fig. 3D-F, H, I) . Therefore, blocking apoptosis by p53 deletion in the cortices 154 of Kif20b-/-brains increased cortical thickness by improving production or survival of neurons 155 and IPs. Furthermore, the rescued neurons and IPs appear to migrate normally and create a 156 normal-appearing structure. (Figure 4A) . Even more surprising, most Kif20-/-; p53+/-mice and 163 Kif20b-/-; p53-/-mice live to adulthood and are fertile. Some Kif20b-/-; p53+/-mice (~15%) still 164 have visible craniofacial defects including a small eye or short snout, and ~5% have 165 hydrocephalus, but the majority have normal facial structure. Double homozygotes (Kif20b-/-; 166 p53-/-) have even fewer craniofacial defects, but die prematurely at ~ 3 -4 months of age due to 167 spontaneous tumors, as do p53-/-single mutants (Jacks et al., 1994) .
168
The postnatal survival of Kif20b-/-; p53-/-mice enabled us to investigate the requirement 169 of Kif20b for corticogenesis without the confounding factor of excess apoptosis. First, we 170 confirmed previous reports that p53 knockout mice have normal cortical size at P0 ( Fig. 4 B, C) 171 (Insolera et al., 2014) . Interestingly, in contrast to the full rescue of cortical thickness seen at 172 E14.5 in Kif20b-/-; p53-/-brains, at P0 they show a 10% decrease in cortical length and a 20% 173 reduction in cortical thickness compared to heterozygous controls ( Fig. 4 B-F) . Furthermore, 174 the reduction is in the cortical plate and intermediate zone, but not the ventricular and 175 subventricular zones (Fig. 4G) . These data indicate that despite the dramatic improvements in cortical growth and postnatal survival afforded by blocking p53-dependent apoptosis, a deficit in 177 corticogenesis remains. Thus, while elevated apoptosis largely accounts for the microcephaly of 178 the Kif20b mutant, proper cortical growth requires a Kif20b function that cannot be compensated 179 by preventing apoptosis.
181
Kif20b is required cell-autonomously for midbody maturation of cortical NSCs
182
Previously we showed that Kif20b is expressed in germinal zones of the embryonic 183 brain, and that Kif20b protein localizes to midbodies of dividing embryonic cortical neural stem 184 cells at the ventricular surface (Janisch et al., 2013) . We further showed that Kif20b mutants 185 have abnormalities in NSC midbodies: they tend to be wider and less aligned to the apical 186 membrane. These phenotypes could be due to a cell-autonomous requirement for Kif20b during 187 abscission, or due to non-cell autonomous effects through cell-cell interactions at the apical 188 membrane junctions, because cytokinesis in epithelia is a multicellular process (Herszterg et al., 
191
Midbodies at various stages of maturation can be detected with tubulin and Aurora 192 Kinase B (AurKB) staining by their characteristic shapes ( Fig. 5A-C) . Early-stage midbodies are 193 wide ( Fig. 5A) , but become thinner as the midbody matures (Guizetti et al., 2011) . At late 194 stages, microtubule constriction sites (abscission sites) are detectable on one or both sides of 195 the midbody center ( Fig. 5, B , C, arrows) (Mierzwa and Gerlich et al., 2014) . We found in 196 human cell lines that Kif20b is recruited to early stage midbodies, and at late stages 197 accumulates around the constriction sites (Janisch et al., 2018) . Interestingly, Kif20b-/-NSC 198 cultures have an increased frequency of wide midbodies (Fig. 5D) , and fewer midbodies with at 199 least one constriction site ( Fig. 5E) . These analyses show that Kif20b is required for normal 200 NSC midbody maturation, and that this requirement is cell-autonomous.
201
Some other mouse models of microcephaly show increased mitotic index in the cortex, 202 due to NSC mitosis delay or arrest (Marthiens et al., 2013; Chen et al., 2014; Insolera et al., 203 2014; Marjanovic et al., 2015; Breuss et al., 2016) . We showed previously that the Kif20b 204 mutant cortex does not have increased mitotic index (Janisch et al., 2013) , but here we use the 205 dissociated cortical cell cultures to address this possibility with higher cellular resolution. We 206 assayed whether Kif20b mutant NSCs spent more time in mitosis or abscission than control 207 NSCs by determining the mitotic and midbody index in cultures. Surprisingly, among cycling 208 NSCs (Ki67+) in Kif20b mutant cultures, both the mitotic index and midbody index were not 209 increased but were actually slightly reduced (Fig. S3B) . This could suggest that Kif20b mutant 210 NSCs undergo mitosis and abscission more rapidly than control cells, or that some undergo 211 apoptosis. To analyze relative durations of cell division phases, we categorized mitotic and 212 midbody stage NSCs into sub-stages by PH3 and AurKB appearance ( Fig. S3A, C) . Among 213 mutant NSCs at some stage of cell division, the percentages in prophase or 214 prometa/metaphase were not different, but the percentage in anaphase/early telophase was 215 slightly increased in Kif20b mutant cultures. These data are consistent with our previous results 216 that early steps of cell division are not disrupted in Kif20b mutant NSCs, but that cytokinesis is whether the midbody defects seen in Kif20b mutant mice, indicating an abnormal abscission 241 process, are upstream or downstream of p53 activation. Defects or delays in midbody 242 maturation could activate p53. Alternatively, these midbody defects could be a consequence of 243 p53 activation, since p53 can regulate many genes and processes. To distinguish these 244 possibilities, we tested whether abnormal midbody phenotypes observed in Kif20b mutant NSCs 245 are rescued by p53 deletion. First, we analyzed NSC midbody index in the dissociated cultures.
246
As Kif20b-/-NSCs in vitro are less frequently observed at the midbody stage ( Figure S3B ), and 247 we hypothesized this is due to NSC arrest or apoptosis, we predicted this phenotype would be 248 rescued by p53 deletion. In fact, the midbody index of Kif20b-/-; p53-/-NSCs is not merely 249 rescued, but instead is significantly increased above controls (Fig. 7A, B) . This is consistent 250 with the notion that some Kif20b-/-midbody-stage NSCs die, and further suggests that if these 251 cells are prevented from dying, they take longer to complete abscission than control cells. Next,
252
we analyzed NSC midbody structure in dissociated cultures. Similar to Kif20b-/-midbodies,
253
Kif20b-/-; p53-/-midbodies are significantly wider than controls (data not shown), and fewer of 254 them have constriction sites (Fig. 7C) . Thus, unlike apoptosis, the midbody width and 255 constriction site phenotypes are not p53-dependent.
256
We next analyzed Kif20b-/-; p53-/-double mutant midbodies in vivo in E13.5 cortices.
257
Cytokinesis is more complex in the cortical neuroepithelium than in vitro. NSC nuclei must 
266
Interestingly, we find that the Kif20b-/-; p53-/-double mutant cortices have a strikingly similar 267 midbody width distribution as Kif20b single mutants, with the same median (Fig. 7F) . Thus, this phenotype is unclear, but we used the Kif20b; p53 double mutants to test whether it is p53-dependent, perhaps due to the apoptotic process in dividing or neighboring cells. Interestingly, 279 p53 deletion did not prevent the misalignment phenotype, showing that it is not due to p53 280 activation or apoptosis ( Fig 7I) . Taken together, these midbody analyses support the hypothesis 281 that defective midbody maturation and alignment are primary consequences of Kif20b loss 282 rather than secondary consequences of p53 activation. Further, the additional midbody 283 phenotypes detected in Kif20b-/-; p53-/-double mutant NSCs, namely increased midbody index 284 and midbody length, are consistent with delayed midbody maturation in Kif20b mutant NSCs; 285 however, these symptoms of delay are precluded in Kif20b mutants by p53 activation and 286 apoptosis.
288
DISCUSSION
289
Here we have tested the contribution of the intrinsic apoptosis pathway to the reduced 290 cortex size in a lethal microcephaly model, the Kif20b mouse mutant. We have shown that 291 apoptosis of cortical NSCs accounts for most of the microcephaly, but that there is a significant 292 apoptosis-independent contribution as well, likely reflecting the importance of Kif20b's role in 293 abscission for corticogenesis. Furthermore, we showed that the excess apoptosis is partially 294 dependent on Bax, and fully dependent on p53. Remarkably, heterozygous p53 deletion is 295 sufficient to fully suppress the lethality of the Kif20b mutant, and rescues the brain size equally 296 as well as homozygous p53 deletion. Lastly, we demonstrated that the NSC midbody maturation 297 defects are not rescued by p53 deletion, which indicates that they are not caused by p53 298 activation, but may be upstream of p53. Thus, this work potentially identifies a novel midbody-299 initiated pathway for p53 activation, and suggests that at least some types of microcephaly, 300 although severe, could be greatly ameliorated by inhibiting apoptosis.
301
The genetic and cellular experiments herein support the following working model for the 302 etiology of microcephaly in the Kif20b mutant (Fig. 7J) , 2016; Meitinger et al., 2016) . The mechanism by which abscission delay could activate p53 317 or apoptosis has not been addressed in any system. Much more work is needed to determine 318 whether and how a midbody "error sensor" could directly or indirectly activate p53 in NSCs and 319 other cell types. It remains possible that Kif20b loss causes p53 activation and midbody defects 320 through two separate pathways. In either case, this mutant is a tool to elucidate a novel pathway 321 to p53 activation, one that appears very sensitive in cortical neural stem cells. 
333
Heterozygous p53 rescue has not been reported in other microcephaly mouse mutants. In the 334 Brca1 mutant, dwarfism but not microcephaly was rescued by heterozygous p53 deletion (Xu et 335 al., 2001). Thus, the Kif20b-/-microcephaly model is more severe in reduction of brain size 336 compared to some other models, but it is also more easily rescuable by apoptosis inhibition. In 
401
Growth Factor (bFGF). After 24 hours, cells were fixed by adding an equal volume of room-402 temperature 8% PFA for 5 minutes to cell media, followed by removal of media and addition of -403 20º cold methanol for 5 minutes.
405
Apical slab preparation: Apical slabs were prepared as previously described (Janisch and 406 Dwyer, 2016). The meninges and skull were removed to expose the brain in E13.5 embryos, 407 followed by fixation with 2% PFA for 20 minutes. Next, apical slabs were made by pinching off 408 cortices, flipping so that the apical surface was upright, and trimming to flatten the slab. Slabs 409 were fixed for another 2 minutes with 2% PFA followed by blocking with 5% normal goat serum 410 (NGS) for 1 hr. Primary antibodies were applied for 1 hr. at room temperature and then moved 411 to 4° overnight. The next day, after 3, 10-minute PBS washes secondary antibodies and DAPI were applied at a concentration of 1:200 for 30 minutes. After two more 10 minute PBS washes 413 slabs were coverslipped with VectaShield fluorescent mounting medium (Vector Laboratories 414 Inc., H-1000) and imaged. z-stack depth was 8-20 μm and step size was 0.5 μm. Midbodies 415 were considered misaligned if the two halves of the midbody were not in the same z-plane or 416 within two adjacent z-planes.
418
Immunoblotting: Brain lysates were prepared with RIPA lysis buffer (150 mM NaCl, 1% NP40, Fritz, T. Gstrein, T., Chan, K., Ushakova, L., Yu, N., Vonberg, F.W., Werner, B N.D., Manning, D.K., Moran, J.L., Mudbhary, R., Fleming, M.S., Favero, C.B., ., Arts, H.H., Philippe, J., Gunn, C.S., Brown, E.L., Chodirker, B., Simard, L., 
535
Majewski, J., Fahiminiya, S., Russell, C., Liu, Y.P., Hegele, R., Katsanis, N., Goerz, C E., Bianchi, F.T., Molineris, I., Mounce, B.C., Berto, G.E., Rak, M., Lebon, S.,   543   Aubry, L., Tocco, C., Gai, M., Chiotto, A.M., Sgro, F., Pallavicini, G., Simon-Loriere, E Figure S2 . p53 protein level is elevated in Kif20b-/-E12.5 brain lysates and dissociated NSCs A. Immunoblot from E12.5 control and Kif20b-/-cortical lysates shows bands for p53 (53 kDa) and beta-catenin (95 kDa) as a loading control. B. p53 band intensity, normalized to beta-catenin bands, is increased by 50% in Kif20b-/-samples. n = 4 blots from 4 embryos each. * p < 0.05, paired ratio t-test. C. Representative images of E12.5 dissociated cortical cultures fixed after 24 hrs in vitro, and immunostained for p53 (green) and nestin (red) to mark NSCs. Scale bar: 10 µm. D. The average percent of NSCs with detectable nuclear p53 staining is increased more than two-fold in Kif20b-/-cultures. n= 3 cultures for each genotype, each from an independent E12.5 brain. 
